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Abstra-t

In an aattept to evaluate the limitations of glasses as
high power laser windows,-dhaldogenide glasses of several compý-
ositions within the G-e-SeAs system have been prepared and chat•
acterized before and after heat t-eatment. The glasses aire
h6moogenous to a fine scale, but appreciable optical absorption
at lo.6pn is present, due to the presence of oxygen impurities.
The effect of gettering additions of Ti and Zr in the glasses-
to decrease the infrared absotption has been examined with
limited success. Fabtication in purified graphite crucibles as
a means of decreasing impurity absorption has been investigated.
Heat treatment Ihows that the glasses prepared in our laboratory
as well as commercial Texas Instruments glasses are stable against
devitrificati6n and may withstand many hours of thermal exposute
at 3000C without significant change in mechanical properties.

A novel attempt to increase the toughness and water resisý
tance of sintered alkali halide wind6wS has been carried out
by coating the alkali halide grains with polyethylene prior to
hot pressing. The two miiterialt wefre chosen since thiey have a
reasonably good refractive index match. Results, however,
have been disappointing owing to the difficulty of obtaining
a really coherent coating. The approach warrants further effort
but requires a more detailed study of the Chemistry of the in-
organic-organic interface than could be carried out under the
present program. The results of limited tests of the increase
in Water resistance imparted by coatings of deposited chalcogenide
glasses are reported.
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I. intrOduction

The general objective of this researdh project wat to
determine means for enhahcing the utility Of glasses and alkali
halides at high power laser windows. Analysis of the limita-
tions of glasses as high power laser windows indicates that
either structural heterogeneities or compositional impurities
may increase IR absorption at 10.6 microns to an unsuitable
level. Mechanical strength and thermal stability of candidate
chalcogenide glasses also pose possible limitations on the
suitability of these materials for laser windows. Consequently,
tpecific experimental objectives for the study of high power
laser window glasses were defined as:

1) Determine the limits of homogeneity for chalicogenide
glasses containing Ge-Se-Sb-As-Te using both thin film and bulk
fabrication techniques.

2) Evaluate the thermal stability of thin film and bulk
dhal~cogenide glasses With good IR transmission.

3) Determine the impurity source of hi-gh IR absorption at
10.6pm in Ge-Se-As based glasses.

4) Decrease the impurity contribution in chalcogenide
glasses by internal gettering, compositional adjustment, and
thermal treatment.

F 5) Measure the mechanical properties of IR transmitting
chalcogenide glasses and determine the effect of thermal
history on the properties.

Evaluation of the limitations Of alkali halides for high
power laser windows indicates two major areas of deficiency:
(1) poor mechanical strength, and (2) poor corrosion resistance.
Our decision was to tackle both problems simu]taneously by
investigating the fabrication of polycrystalline alkali halkide
compacts using coated alkali halide granules. Specific research
objectives were:."

1) Select an organic coating-alkali halide system that
satisfies complex IR window materials requirements.

2) Develop granule coating process.
3) Fabricate coated granules into test windows.
4) Develop chalcogenide glass coated granules, fabricate

windows, and test properties and corrosion resistance.

The results achieved in the exploratory glass and alkali
halide window research programs are presented in the following
sections of this report.
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Ig Potentiaiity for Low IR AbSorption
in Chailcogen ide Glasses at 10. 61m,

Glasses possess seVeral extremely Valuable characteristics
that make them itportant materials for the fabrication of
optiidal d~mp~neents:

1) ease of dcmpohent fabrication by cas tiig,
grinding and polishing.

2)- properties may be varied continuously
(within certain limits) by varying com-
position.

The extremely low absorption coefficient requirement for the
10.6pm Witd~w has, howevet, only been achieved so far in cer-
tain crystalline materiais [1] an-. it is necessary to assess
t1h-, possibility of obtaining glasses with Sufficiently low
absorption c6efficients.

The transmission of radiation through a medium, glass
or otherwise, may be affected by two major processes, absorp-
tion and scattering. Table I indicates some processes for
consideration and their relevance to materials selection.

L Several considerations emerge for the choice of glass
for a 10.6pm window.

1) Optical heterogeneities should be absent or minimized
by keeping fluctuations in the refractive index small and the
scale of heterogeneities small compared with i0.6pm.

2) Impurities (particularly oxygen) should be controlled
to lower than parts per million in the finished glass.

3) The following question should be answered, "Is there
a fundamental absorption process intrinsic to the glassy cond-
ition that may prevent the achievement of an absorption coef-
ficient as low as that achieved by the best crystalline materials?"

4) If the preceeding considerations can be satisfactorily
accounted for, then window design could in principle proceed
by optimizing window figure of merit through variation 'in
composition. Ease of fabrication, tompatibility with optical
coatings and resistance to environmental corrosion are ques-
tions that may be faced at a later date in the design process.

It is instructive to examine the properties of glasses
in the visible range. Much interest is being generated by the
possible use of glass fibers as transmiission lines for the.

S-



TabUe I

- - Process Comments

Absorption

Atomic Vibrational

a) Fundamental and Choose material with fundamental
Harmonic atomic band far temoved from 10.6pm;
Vibrations Covalent bonding preferred to

F ionic bonding.

b) Impurities Crystal growth techniques may aid
in obtaining very high purity;
severe problem in maintaining
levels lower than ppm in glasses.

Electronic Processes

a) Free carrier Minimize by choosing material of
absorption Very high resistivity and limit-

ing operational temperature
excursions.

b) Localized states The presence of an appreciable
within energy gap density of localized states

within the energy gap could give
rise to absorption c6tributions
at infrared wavelengths. This
is normally referred to as absorp-
tion edge tailing although this
has also been observed in some-j• crystalline materialS.

Light Scattering Essentially due to local fluctua-
tions in refractive index due to
grain boundaries, presence of
several phases, compositional
fluctuatiOns, density fluctua-
tions, and ultimately thermal
fluctuations. Extremely depen-
dent on scale of optical inhomo-
geneity. Usually Controlled in
A glass by choice of compostion
and control of preparative tech-
nique. May or may not be accen-
tuated at elevated temperatures.

I+•
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transmission of inf6rmation vet distances of order miles.
Evidently, extremdely high trAntmisSion of radiation is required
and some effort ha• been expended to examine che merits of
various gla ses for this applidatinft. In a review talk, D.J.
Thomas 12] of Bell telephone lab6r6t6r-is rep~rted that absorp-
tion Values of 1.2xl0", 7.3xlO_ and 2x10. .c;m-_had been measured
at Bell Telephone Laboratories for Schott F2 glass, fused
quartz and dryttalline quartz respectively in the visible :
rang6. Light Sdtatering wis ver)• low and measurements along
the length of fibers revealed that some regions existed with
extremely low iosses.

EXperience with glasses in the visible trgiTn ha: indi'.
cated that improvements in purity and homogeneity lead to
better optical transmissio:n. Although •he excitation processes
involved in the infrared glasses are different from those in
the Visible, essentially thie same considerations apply concern-
ing purity and homogeneity. The basic question concerning the
existence of an inherent l:imit to optical transmission due to
phenomena arising from the glassy structure appears to be uný
ansWered at this time. Present theories imply the existence
of a distribution of localized electronic states within the
energy gap antd hende optical absorption due to electronic
exitation from these states into the tonductlon band is a
possibility that requires further investigation.

Therefore, there does not appear aL this time any firm
scientific basis for ascribing a fundamental absorption process
to amporphous structures, per se; consequently, it is justified
to evaluate the contributions of structural heterogeneities
and impurities on IR absorption.. If these contributions can
be eliminated from glasses there appears to be reasonable
expectation that a suitable window material will result.

III. Choice of Glas~s Sy.jtem

Glasses comprised of Ge-Se-As-Sb-Te elements
were evaluated in the program because of previous studies
showing high IR transmission for these materials [3]. In
particular, the Ge-Se-As system was chosen for much of the

4 present work since it is known to possess a wide dOmposition
range within which glasses can be formed. The glass does not

-appear to phase separate, is known to be highly transparent
in the infrared [3], and is resistant to devitrification.

In addition, a Ge 3 Se -As12 Glass (TI-20) is available

commercially to compare with experimental compositions.
compositions chosen for study are primarily GeSe 2 +xAS 2 Se 3 .
GeSe2 in glassy form is the structural analogue of SiO2 ,
the important glass former for glasses in the visible region.
(It is not known, however, whether the Ge and Se atoms compo-
sitionally are as regularly ordered as are Si and 0 in SiO2 .).
The chosen compositional path connects two high temperature
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end points aeross the ternary phase-diagram. Unfortunately,
the ternary diagram does not appear 't be known. Figure 1I
shows the glass forming region in. this system as reported by
Hilton and collaborators [4).

A further important conhideration it that radial distriý
butioni Studies on Ge-Te, Ge-Se and related glasses have indicated
that the bonding in these materialI is primarily covalent,
a situation favorable for high infrared trahSmistion [5],[6].

IV. Preparation of Chalcogenide Glasses

High purity Ge and As powder and Se shot were weighed
into Vycor ajt- quartz tubes. Each tube was sealed off under
Vacuum ("v10- Torr) and heated in a resistance furnace at 9000C
for at least five hours. In order to ensure homogeneity
-of the reacting material, the tubeswete pdridically shakenr
while in the furnace. The tubes were slowly-dooled in the
furnace for 3zl/2 hOurs to approximately 3000C, and were
then removed from the furnace and allowed to cool to room-e
temperature. It was found that too Slow a quench resulted
in the crystallization of the sample, Whereas quenching too
quickly caused the sample to crack into pieces, making infra-
red measurements difficult. All of the samples were found to
adhere to the tube walls during the quench.

- •Disc-shaped samples of thickness 2.5mm and diameter
17 mm were cut from each tube using a diamond saw. The sam-

t, ples were ground with 600 grit SiC paper and polished with
AI2 03 powder from lim down to 0.05pm.

Each polished sample was examined for the presence of
internal defects such as crystallites and microvoids using
an optical microscope equipped with an infrared image converter
tube. Samples were subjected to x-ray diffraction analysis,

ý4 poptical microscopy and scanning electron microscopy. It
was found that by using the correct quenching procedures the
occurrence of crystallities and microvoids could be avoided.
Thin films of selected CompOsitions were obtained by flash
"evaporation of the bulk glasses onto glass, alkali halide, or
mica substrates. Thicknesses in the range of 350k-100OX were
achieved.

4
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Fig. 1 . GlCass forming region in Ge-Se-As system [4].
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V Structural ,Studies of ChalcOgenide Glasses

The properties of thin chalcogenide glass films have been
the subject of study as part of a program t4] aimed at the-
characterizatiOn of the electrical and structutal properties
of amorphous gemiidohductors. Deposition from the vapor (by
flash evaporation or Sputtering, for example) provides a con-venient method for the preparatiOi of glass films over a wide
range of compositions. Using thin film techniques, glasses
have been prepared in film form that have not been attainable
in bulk even with extreme quench rates. 7

Thin film glasses are of interest for a variety of elec-
tronic and dielectric applications and may be of significance
for the laser Window program as low absorption coatings for
environmental protection and for optical impedance match.
The films are in a form convenient for electron microscopy
and diffraction.

As a preliminary to understanding optical and thermal 1
properties of the glasses, it is necessary to characterize the
structure on both an atomic level and on a macroscopic level.
The type of bonding in the solid is of importance in deter- I
mining the infr'ared response, while structural heterogeneity
may give rise to undesirable light sdattering.

The electron or x-ray diffraction pattern from a glass
contains no sharp peaks owing to the lack of spatial period-
icity in atomic positions. The pattern -onsists instead of
diffuse halos or rings as from a gas or liquid. A statistical
characterization of the lodal order may be obtained by carry-
ing out a numerical Fourier transform of a particular function
of the scattered intensity. This is a technique well under-
stood in theory [9], but difficult to carty out reliably in
practice owing to the presence of Compton background in the
x-ray diffraction pattern or inelastically scattered elec-
trons in the electron diffraction case.

The equipment employed in this laboratory has been
developed to experimentally remove the Compton background in
the x-ray case and to remove inelastically scattered electrons
in the electron diffraction experiments. The Fourier trans-
form yields a spectrum of interatomic distances with the
glass; this spectrum is described as the radial distribution
function (rdf). The position of peaks in the rdf providesa
measure of interatomic distances, wlile areas under peaks are
equal to mean coordination number times a function of the
atomic scattering factor that frequently does not differ too
widely from unity. The presence of several types of atoms in
the glass complicates the interpretation of the rdf since a
peak in the rdf may actually consist of a number of unresolved
overlapping peaks. The interpretation of the rdf in terms of 4 -

structural models then requires Considerable dare.

r - -.
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The results of the present authors [5]-Axnd others [6]
working on the chaicogenides have shown that the interatomic
distances within the glasses are consistent with primarily
covaleht bonding and coordination numbers are consistent with
each atom retaining its "normal" valency, i.e., 4, 3, and 2
fot Ge, As and Se or Te respectively. This is to be contrasted X
With the atomic structure of, for example, GeTe, GeSe 2 anid
others where interatomic distances are expanding and coordina-
tion is tudh higher than in the glass. Real differences in
properties are therefore to be expected between these crystal-
line compounds and glasses of the same composition.

Figure 2 shows a drawing of the electron diffraction sys-
tem [10] for measurements on thin films. The 50 key electron
beam is scattered on passing through the thin film, thus form- •
ing an electron diffraction pattern. A pair of coils immedi-
ately beneath the specimen magnetically deflects the electron
diffraction pattern to and fro across a small aperture situ-
ated above an electrostatic filter and electron detector. The
filter rejects inelastically scattered electrons (an importanz
feature) and the transmitted eiedtrons are measured as a e
function of scattering angle. Figure 3 shows a typical inten-
sity versus scattering angle plot for a film of GeTe . Curve
a-is from the as-prepared fili; curves b and c after heat
treatment. Figure 4 shows the calculated radial distribution
functions; the change in local order between cUrVes a and c - -

can be noted. The order change in this case corresponds to
an increase in coordination number and probably is a pre-
cursor to the formation of crystallites. With further heating,
crystallites form in the glass and sharp peaks begin to appear-
in the intensity curves.

X-ray diffraction studies were performed to compare
thin film and bulk structures. Dr. R. W. Gould of the Univer-
sity of Florida has obtained x-ray intensity curves for several
infrared glasses, as shown in Figures 5, 6 and 7 for the com-
positions Ge2,Sd1 Sb,, and Ge33Se5 .As12 (obtained from Texas
Instruments) and or Ge3 3 SestAs," (University of Florida).

ZT Some differences in the last two curves may be seen, indi-
cating possible differences in the degree of local ordering
of glasses of the same composition prepared in different
laboratories.

Electron microscopy has shown the glassy films to be
homogeneous at least to a scale of order 20 A. Figure 8 shows
a film of GeTe 2 before and after heating in the electron
microscope. Prior to heating (a) the film is essent .ally
featureless and the diffraction pattern (b) is typical of a
glass. After heating (c), crystallites can be clearly seen
and the diffraction pattern (b) now contains sharp rings.
In contract, Roy and colldbbrators [i1 have reported phase
separation in bulk glasses containing tellurium. Therefore
there appear to be appreciably fewer structured heterogeni-
ties in the Te based glasses prepared as thin films than in
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the bulk form. Electron microscopy studies in this laboratory
show that Se bated glasses prepared as thin films also are
monophasic to a fine sdale, ca. 100A i for an extremely widerange of c0 mo~ti~ n [8], [12]. Preliminary scanning calori-
metty results from our laboratory indicate that gross phase
separation does not occur in S based glasses in the bulk form
as well.

To summarize, it is necessary to know the structute of
glasses if one is to make - systematic evaluation of their
properties. Chalcogenide glasses have potential both for bulk
windows and as protective coatings for alkali halide windows;
several candidate materials for both application have so far
been shown in this study to be structurally homogeneous to
a very fine degree. Material homogeneity, of course, greatly
simplifies the interpretation of optical and thermal data.

VI. Infrared Behavior of Glassy Selenium

In order to evaluate the purity of the selenium and the
processing used to make the chalcogenide glasses, high purity
Se samples were vacuum melted in Pyrex tubes. Samples of thick-
ness 2.5im were Cut from the tubes and ground and polished
using the procedure described. Infrared spectra were taken of
the samples using a Beckman IRIO Spectrophotometer. A plot
ofabsorption vs. wavelength is given for three Se samples in
Figure 9. The infrared spectra obtained are similar to the
spectra presented by Lacourse and Twaddel [7] for pure de-
oxygenated glassy Se in which the oxygen content was less
than 2 ppm. No absOrption bands due to the pressence of Se0
were detected. The bands at 13.7um and 20.53m are intrinsic
to glassy Se. The major cause of infrared absorption in the
Se samples examined in this laboratory was the presence of
microVoids. Consequently this study showed that high purity
glassyseleium prepared by our processing methods does not
yield SO-0 absorption bands.

VII. Infrared Behavior of Chalcogenide Glasses

The infrared absorbance was measured in the range 6
to 16fm for samples of the following compositions: (1) GeSe 4 ,
(2) GeSeAs, (3) Ge62 SeAs, (4) Ge, 3 SettAs 2,2 (5) Ge3 SesAs,
and (6) Ge Sb 2 Se 0 (obtained from Texas Instruments).
Ge3 SesAs samples containing 0.15 at. % Ti, 0.15 at.% Zr,
and 0.36 at.% Ti, respectively, were also examined.

The absorption spectra of all samples of the first five
compositions listed above exhibited a large absorption band
around 7.8pm and a broad absorption band with a maximun lying
between 11 and 14pm. Since these two bands were found in the
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GeSe glass as well as in the-Ge-Se-As glasses, it appears
that these bands are not caused by the presence of arsenic.
In his investigation of the infrared absorption of Ge-Se
glasses, Hilton [13] atttibuted the presence of an absorption
band at 13pm to Ge4-0bonds. Hilton also obtained an absorp-
tion band at 8im, but did not offer an explanation for its
origin. It therefore seems pr6bable that the primary factor
limiting the transmittande at i0.6pm in the Ge-Se-As glasses
is the presence of Ge-o bonds.

Ge3Se5At was found to have the lowest absorbance at
i0.6um (942 cm1') of the glasses made in this laboratory.
Two Samples Were made of pure Ge3 SesAs, one in a Vycor tube
and one in a quartz tube. Both samples had an absorbance
of 0.58 at i0.6pm. Figure 10 shOws the absorption spectrum
for Ge3 SesAs.

In an effort to reduce the number of Geý-0 bonds in the
glass and hende improve its transmittance, the effect of
adding a getter to Ge-3Se5As was investigated. The addition
of 0.15 at.% Zr to the system did not result inma signifi- e
cant change in the absorbance. Addition of 0.15 at.% Ti,
however, resulted in an absorbance at 10.6pm of 0.36, a con-
siderable decrease from the absorbance obtained form the pure
glass. The absorption spedtrum for this sample is shown in
Figure 11. Addition of 0.36 at.% Ti resulted in an absorbance
of 0.43 at 10.6pm. Expiration of the contract terminated
experiments to determine the atomic percentage of Ti which will
yield the maximum decrease in the absorbance of Ge SeIAs.

As discusSed by Lezal and Srb [14], contamination of the
chalcogenide glasses with oxygen can result both from the
presence of. oxygen impurities in the elements used to sf-the-
size the glass and from diffusion of oxygen from the r zion
tube into the reacting system during the synthesis. At uhe
termination of the contract initial experiments were underway
to deoxidize Ge by vacuum melting in a highly pure graphite
crucible prior to glass synthesis. The synthesis itself was
to be carried out in the graphite crucible under controlled -

atmospheric conditions. Only very limited success was achieved
in the time available.

Samples of thickness 2.5 mm were cut and polished from 4
a piece of Ge2 8 SbSe 6 0glas obtained from Texas Instruments.

A typical absorption spectrum obtained from this glass is
shown in Figure 12. The absorbance at 10.6pm for this sample
was found to be 0.22. Figure 13 gives a plot of absorbance
A vs. refractive index n for various values of ax, where a is
the absorption coefficient and x is the sample thickness,
assuming no scattering of incident radiation. This plot indi-
cates that for a Ge, 8Sb12 Se6 0 (n = 2.6) sample with a = 0,
one would expect an absorbance of A 0.18. The fact that
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this value is quite close -to the measured absorbance of 0.22
gives Strong ,nd-catoi that the c for this, sample is quite

!i ~small. •

VIII. Thermal Treatment Studies of ChAlcogenide Glasses

The potential importance of thermal tr.eatment Of laser
window glasses was discussed by the authors in the conference
on High Power Laser Windows [15]. A copy of this paper is
included as appendix A.

The objective of this phase of the study is to in.vesti-
gate the influence of thermal treatment on properties rele-
vant to the infrared transmitting ability, structural stabi-
lity, and thermal stability of chalcogenide glasses. Work so
far has concentrated on the same relatively simple compositions
in the Ge-Se-As system mentioned previously. Texas Instruments
STI-1173 glass (Ge 8 Sb 1 2 SeGc) and TI 20 glass (G6 3 3 SessAslz) also
were studied because Of their present use as infrared window
materials. Preliminary results were previously reported [15].
The following sections present more detailed studies.

A. X-ray analysis
Texas Instruments 1173 glass (Ge 2 4Sb 1 2SeGo) was subjected

to thermal treatment for varying lengths of time to determine
the influence of long term heat treating on optical properties.
Samples were heated for as long as 340 hours at 300 0 C; this tem-
perature was chosen to be just below that for the glass transi-
tion. No change in the amorphous x-ray spectrum was observed,
even for the maximum thermal exposure. Figure 14 is a repre-
sentative x-ray scan from one of these experiments. Optical
absorption measurements on samples subjected to similar heat
treatments likewise showed no change.

B. Crystallid. ion studies
This phase of the investigation had as its objective the

determination of the glass transition temperature 'Tg) and crys-
tallization temperature (Tc) for several amorphous chalcoge-
nides as a function of composition, impurity concentration,
method of preparation and degree of heat treatment.

Tg's and Tc's for several compositions in the Ge-Se-As
ternary were determined in the range 300 to 773 0K with a
Perkin-Elmer DSC-IB Differential Scanning Calorimeter. Scan-
ning rates from 2-1/2 to 20 degrees/minute were used. The
baseline drift observed for some compositions has been attrib-
juted to sample volatility at temperatures above 400'K. Use
of a recently acquired PE accessory sample sealing kit for
encapsulating volatile samples would eliminate this drift.

4I
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-Preliminary studies on the compositions GeSeAs, Ge 3 3 SessAs 1 2 ,
Ge3SesAs, GeSez2Aso..i, GeSei.s and GeasSbi 2 se6  were performed.
All but GeSe . do not crystallize for repeated scans from 300
to 773 0 K, while exhibiting reproducible Tg's in the range S50
tO 7600 K,

GeSe61  shows! a Tg of about 625 0K which is independent
of stan rate and which is reproducible from sample to sample.
The most interesting feature, however, is the apparent two-
stage crystallization which occurs at higher temperatures.
A small, broad exothermic peak centered at 714*K is overlapped
by a larger, sharper one centered at 7450 K. (Figure 15 is a
scan which illustrates this effect.) Doubling the scan rate
to 20 degrees/minute shifts the onset of the crystallization peaks
to slightly higher temperatures.

In a related experiment, retention of a sample of GeSel.s
at 690 0 K for 15 minutes before scanning upwards in temperature
at 2-1/2 degrees/minute produced single, very broad peak centered
at 728°K; apparently the scan rate was too slow to resolve the
two peaks seen at higher scan rates. Other experiments were
conducted to identify the species crystallizing. Portions of
GeSel. 5 were heated in evacuated Pyrex ampoules for varying A
l3ngths of time at 723 and 748°K, after which they were quenched
and subjected to powder x-ray diffraction analysis. The spectra
obtained are complex and peaks obtained have not all been ident-
ified. Tentative results are that a two-stage process also is
observed; that Se is one of the first crystallizing species;
and that if the GeSel.s is heated long enough only GeSe and
GeSe 2 are present. The details of tke cry'stalli~ztion behavior
remain to be worked out as is the relation of these processes
to the equilibrium Ge-Se phase diagram.

Earlier in this report it was stated that small amounts

of various transition metals were added to Ge3 SesAs in an
attempt to lower the IR absorption. The influence of these
additions on the thermal stability of the glass was investigated
by Differential Scanning Calorimetry. Samples of Ge3 Se 5 As with
additions of 0.36 wt. % Ti, 0.15 wt.% Ti or 0.15 St.% Zr were run
in the manner described above. In all cases the Tg's were un-
changed from those observed in the Same glass with no added
metal; in no case was any crystallization observed even when the
sample was repeatedly cycled between 450 and 774*K. We must
conclude, then, that within the limits of these experiments the
thermal stability of amorphous Ge3 SesAs is unaffected by the add-
ition of small amounts of Ti or Zr.

The effect of _yclic heat treatment on the thermal sta-

bility of Ge2 aSb 1 2 Se 6 0 glass was investigated with the DSC by
scanning from 300 to 773°K and back to 300*K for five complete
cycles. The scan rate was either 10 or 20 degrees/minute.
Figure 16 is a portion of the initial scan taken at 10
degrees/minute. Figure 17 illustrates the upward scan on the
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fifth cycl take- at 20. degrees/minute. The Tg is unaltered
by the repeated cycling and no crystallization iS observed.

ci Density -yariations
Densities of a series of T1-20 and Ti-1173 glasses whichhad been heat treated for varying lengths of time were deterý-

mined by the Archimedes method using C-CI• aV; the density fluid.
Table Il shows the results of these measurements; each entry
in the table represents four to eight lhdividual determina-
tions. As can be seen from the table, there is no significant
density change for TI'r1173 for heat treatment times exceeding
340 hours at 300*C, while the same conditions produce small
but definite changes in the density of TI-20 glass. As stated
above, x-ray, determinations on portions of these identical
samples showed no detectable crystallization. The implication
of these results is, of course, that TI-1173 is thermally more
stable than TI-20, although both glasses are quite resistant
to thermally induced changes.

D. Mechanical property studies
Samples of TI-20 and TI"1173 glasses prepared for mechan-

ical property measurements were heat treated simultaneously
with the density and x-ray samples. Properties studied were
surface tensile strength, bulk tensile strength and micro-*
hardness. Surface tensile strength was measured by the con-
ventional three-point bending technique illustrated diagram-
matically in Table III. The 5,000;6,000 psi modulus of
rupture values obtained compare quite favorably with those of
soda-lime-silica glasses obtained under similar conditions.[16]
Table III shows the results of these tests. The load was
applied to surfaces optically polished thereby simulating the
loading of a laser window. A 0.2 inch/minut.o strain rate
was used with an Instron testing machine. As can, be seen,
the rather wide scatter in the data prevents any defini.te
conclusions about the effect of heat treatment from being made.
This degree of scatter is not unusual for such tescs on brittle
ceramic materials. However, a trend is certainly, suggested
that prolonged surface treatment deteriorates-the modulus
of rupture of these glasses. Since vaporization from the
glasses occurred during the long heat treatment the strength
decrease may in part be due to alteration of the glass surface.

Bulk tensile strengths were measured by performing dia-
metral compression tests [17] on approximately 0.250 inch
diameter cylinders of TI-20 and TI-1173. The samples were
obtained by diamond core drilling commercial IR glass window
blanks. These results are presented in Table IV. As with
the three-point loading experiments, there is considerable
scatter in the data so that only general trends can be infer-
red. The limited amount of heat treatment for TI-1173 seems
to produce no change while considerably greater heat treatment
seems to produce a slight decrease in tensile strength for
TI-20 glass.
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Density Determinations

Heat treatment Average Denstity
~~~hours>~ - ,5 C.I)

KTI-1173 ± .61 iO4 /c

L48 4.43 00

96 4.6339 .0054k213 4.6419 ±.0042

344 4.6337 ±.0108

TI-20 0 4.3994 ±.0006 9/-c

92 4.39711 .0004

168 4.4043 ±.0006

337 4.4236 ±.0020

2 SD
95% C.I. 2SKr
where SD = standard deviation

n =number of observations
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Table III

Surface Tensile Strength by Three-Point Loading

- p

Surface tensile stress

MC M- 2LP C= t

Sbh 3  L = 0.75"

3LP
R- s bt2

Trial Maximum
Number Loading t b Tensile Strength

1 66 lbs. .250 .255 9,317 n

2 60 .250 .251 8,605
3 35 .250 .248 5,080
4 30.5 .252 .247 4,375
5 42.5 "I .253 5,952
6 55.5 " .251 7,834
7 48 ..250 6,803
8 59 " .251 8,328
9 43 "s .253 6,022

Average 6,924±1,066 psi

TI-20, 337 hours at 300*C

1 24 .252 .251 3,388
" 38 .252 .250 5,385
3 43 .252 .250 6,094

Average 4,955±1,320 psi

TI-1173, no heat treatment

1 23 .250 .252 3,259
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Table IV

Diaftetr al Com-pression Tests

aWhere-P load
ir~tD diameter

t length

Heat Treatment Average
-(hours) -.-Tensile Sýtrength

TI-1173 0 (4 samples) 3,316 ±1,106 psi

TI-20 0 (6 samples) 2,9058 812 psi

337 (3 samples) 2,065 ±292

P_
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Micrchardness was determined with a Knoop diamOnd in-
denter using a 10 g load applied for ten seconds on optically
polished surfaces. Results -are presented in Table V; each
entry is the average of at least ten separate determinations.
The precision of these measurements is Considerably greaterthan that resulting from the three-point bending and diametral
compressiOn tests. As Table V shows, the mitrohardness of
both. TI-20 and Tl-l-73 are independent of heat treatment times
up to 337 hours at 300°C. The microhardness value of TI-1173
is lower than the 150 value previOusly reported by Hilton
for the same composition (Ge2 aSb 12 Se6 0). [18] Likewise,our15 hardness value for the TI-20 glass is lower than the 171
value reported by Hilton [19]. In considering the wide scatter
in hardness values for Chalcogenide glasses [20] this variationis not atypical. The thermal treatment results reported herein
show that variations in hardness are not due to differences
in thermal history but are related to composition or perhaps
surface polishing methods.

The inescapable Conclusion from this study of mechanical
properties of TI-20 and TI-i173 is that these two compositions
are extremely stable -lasses. For even the extended heat
treatments reported here the materials are x~ray amorphous.
Density variations in TI-20 for 337 hours at 300°C possibly I
indicate incipient crystallization while TI-1173 shows no
such change. However,as discussed above, tensile strength
and microhardness measurements show at most only minimal
change. These findings, coupled with their known low optical
absorption at 10.60m, suggest that TI-20 and TI-1173 are
worthy of further testing of their suitability as high power
laser window materials.

IX. Coated Polycrystalline Alkali Halides

A. Nature of the problem
The alkali halides are Candidates for infrared transmit-

ting window materials, because of their low absorption co-
efficients (2.7x10"3 cm-' for KCM, 5xl0 5-cm-1 for KBr at
10.611m) [21]. However, if these materials are to find wide
use in applications requiring the transmission of large power
Jensities, ways must be found to improve their rather poor
mechanical properties. For example, the critical fracture
stress of single crystal NaCI is only 570 psi, while that for
KCI is 640 psi; these Contrast with a value of 65,000 psi for
single crystal A1203. [22]

The values quoted above are much lower than those pre-
dicted for a perfect crystal, in which case the fracture stress,am, is given by [15]

am ea /10 ' 106 psi
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K Table V V

Mic-rohardneSs Data

Heat Treatment Average KnooP Hardnes
...hours (gJ C5 )

TI-1173 0 126 ± 12 _kg/mm2

10 122 + 5.4

48 131 - 7.2

60 123 ± 7.4

S96 124 ± 5.3

L2
Ti-20 0 135 ± 16 kg/mm2

92 1$8 ±14

168 126 - 7.2

337 137 + 8.4

95% C.I. - 2SD

where SD = standard deviation

n = number of observations

-A



for the alkali helides. E e l1astic modulus, y specifict
surface energy, ad a A lattice donftantst

One explanati6on for this discrepancy between adtual and
experimental fracture stresses was advanced by A. A. Griffith
123]. He argued that fracture 6dcUt-s at a value lower than
that predicted theoret ically for a perfect sOlid due to the
presence of small cracks or flaws. Strong Stress concentra•
tions occur around th4-se cracks When thK solid is stressed,
causing the cracks to propagate through the material. Frac-
ture of a crystal requires two steps: initial production
followed by propagation of a- crac'k toe.o&?t•l fracture.

Empirically, it is found that for many real solids, fra¢z
ture strength is increased as grain size is decreased [24,25].
SpecifL-ally,

7 a-c where D = grain size.

One explanation is that the lengthi of Griffith microcracks is
limited to the grain size in fine grain samples and therefore
crack propagation is inhibited.

KCl and NaCl are among the materials which, ideally in
polycrystalline form, cannot deform plastically without the
occurrence of grain boundary rupture [25]. Experimentally,
however, some plastic deformation is observed which depends
on grain size. This variation results from the fact that
plastic deformation occurs only in the vicinity of grain
boundary triple lines, and a limited amount of slip may occur
within the grains before the stress concentration causes
intergranular rupture. The finer the grain size, the greater
the crystal volumr in the vicinity of triple lines so that the
plastic strain before fracture approaches the magnitude of the

L elastic strain. Thus, as the grain size decreases, the rateof hardening beyond the yield point increases rapidly [25].

A second difficulty with alkali halides is their poor
moisture resistance. Any application involving exposure to
the atmosphere requires protection of the window against
environmental attack. Nonhygroscopic coatings are a solution,
but a single outer layer would be susceptible to scratches
or abrasion, leading to loss of protection.

B. Polymer Coatings'SIn the research described, an attempt has been made to

combine the streng'%T enhancement of a fine-grained polycrys-
talline material with the water protection afforded by a
hydrophobic intergranular coating. In this approach each
crystallite is coated with its own protective layer before
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he~ng pressed tntr, a dense, polycrystalline compact. In this
way, a breakdown of the coating at any, particular poirt af-
feats only the single crystallite located there, w'hile the
rest of the body• remains intact under exposure to moisture.
It was also thought that by proper choice and thin enough
application of the coating, microcrack. propagation could be
inhibited still further and the mechanical strength improved.

The following c~iteria were used in the selection of a
:andidate alkal halide:

1) good transmittance at 10.6km
2) high melting point
3) minimization of differnece in indices of refradtion

of alkali halide and coating
4) low hygroscopicity
5) maximum mechanical strength
6) ease of fabrication into a polycrystalline compact.

The criteria for the selection of the coating material were:

1) high I0.6rm transmittance
2) minimum difference between indices of refraction

of coating and alkali halide
3) high melting point
4) good adhesion to alkali halide substrate
5) good water resistance
6) high mechanical strength
7) formation of a layer free from imperfections
8) ease of application.

After an extensive literature review of material proper-
ties it was decided to restrict the initial experiment studies
to coatings of organic polymers. Figure 18 is a plot of index
of refraction versus formula "ight of the a'-k'l hhalides;
the bands shcw the range of ,- ration of refractive index for
polyethylene and TeflonR (po± tetrafluoroethylene). This graph
shows that KCI and NaCl have refractive indices which are
closely matched with the range of values exhibited by poly-

i• % ethylene; poorer correspondence exists for the other possible
combinations. The fact that KCI is less hygroscopic than NaCl
or KBr, and that KCI can be pressed into dense pellets at
lower pressure than can NaCI, led to the choice of KC.1 and
polyethylene for the initial studies.

Small crystallites for fabrication into windows were
obtained by grinding optical grade single crystal KCI (Harshaw
Chemical Company) in an agate mortar and pestle and sieving
through a No. 150 Tyler mesh screen. Coatings were made in
a variety of ways from high density polyethylene (Marlex TR-
885, Phillips Petroleum Company) dissolved in boiling p-xylene.
In one technique the KCl crystallites were supported on a wire.
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Fig.' 18. Index of refraction vs. formula weight for the
alkali halides.
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[• screen and dipped several times into the polyethylene solution.
Scanning electron micrographs showed the coatings were dis-
continuous and water resistance was poor. The lack of uniform*
coverage could have been due to the relatively low concentra-
tion of polyethylene in saturated p-xylene ("'2 wt.%). A second
method involved evaporating to dryness at 135*C a quantity of
KCl crystallites immersed in a small amount of polyethylene
saturated p-xylene. The solution was stirred continuously
during evaportaion to promote a more even coating on the KCl
crystallites. Scanning electron micrographs showed a more
even coating than in the previous case. A third experiment
involved an attempt to coat KC1 crystallites directly with
molten polyethylene. The attempt was unsuccessful due to the
high viscosity of molten polyethylene which prevented any sort
of uniform coating being achieved.

Windows were pressed under vacuum from coated KCI crys-
tallites using a standard Perkin-Elmer KBr die. Forces of4 20,000 pounds and temperatures of 250 C and 110°C were used to
form translucent discs 13 mm in diameter and 1 mm thick. A
Perkin-Elmer LRIO infrared spectrometer was used to test window
transmittance from 7.5 to 20Pm. Degradation of infrared trans-
mittance was determined by taking spectra before and after the
discs were immersed in water for constant lengths of time.
Figure*19 shows the results of these experiments for 1 mm
thick windows prepared by several techniques. The data show
that for both hot pressed and cold pressed composite windows
an almost immediate increase in absorbance occurs on exposure
to water. Furthermore, after only two minutes exposure there
is nearly a 100% increase in absorbance. The decrease in•I absorbance of the uncoated KCI window is attributed to the
decrease in thickness brought about by dissolution. Figure 20
"shows a scanning electron micrograph (SEM) of an uncoated KCI
crystallite at 500X; Figure 21 is a similar micrograph of a
polyethylene coated crystallite prepared by the solvent evapora-
tion.tecnique. The discontinuous nature of the coverage by
the coating is readily apparent in the micrograph. Figure 22
is a micrograph of an uncoated KCI crystallite at 5,000X.
Figure 23 is a micrograph at 5,000X of a coated crystallite;
here the nonuniformity in the coating is shown even more
clearly than in Figure 21. Figure 24 shows a portion of an
uncoated window at SOOX after water treatment; a portion of a
coatcd window€ after similar exposure is shown in Figure 25,
also at 500X..

It is obvious that polyethylene presents considerable
difficulties in obtaining a uniform, continuous, fully water-
resistant coating. A possible explanation for this lies in
polyethylenes relatively simple st.ructure (for a polymer)
which favors crystallization form solution in discontinuous
platelets or lamellae. Further work might be directed toward
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testing other coatings which have more suitable properties,
F among which are polypropylene, polystyrene and tetraphenyl

borate ( a compound which has a strong attraction for the
alkali halides). So far, however, attempts to produce a water-
resistant alkali organic composite have not been successful.
The concept, however, offers high potential for a tough envir-

onmentally protected window but requires a more extensive
study of the chemistry of the inorganic-organic interface than
can be carried out under the present program.

C. Chalcogenide Coatings
As a result of the problems mentioned above, studies on

chalcogenide coatings were initiated. Unfortunately, expira-
tion of the contract prevented the accumulation of more than
a very limited quantity of data. Ge 3Se 5 As and GeSej.2 5 were
chosen for the preliminary experiments because of their good
infrared transmission and ease of deposition by flash evapora-

V tion. The fact that the chalcogenides have a significantly
higher index-.of refraction than the alkali halides was not
considered of crucial importance because of the possibility
of reducing reflectance losses by an appropriate multilayer
coating (see Appendix B for a simple analysis of this problem).
In order to minimise the number of experimental variables
affecting the results, the intergranular coating approach was
not used in the first studies; surface coatings only were pre-
pared.

The substrates were pellets of optical grade KBr prepared
in the same way as in the case of the polymer coated samples.
Ge3 SesAs or GeSel.2 5 was flash evaporated onto the substratc.
in a Veeco vacuum system maintained in the neighborhood of
10-6 torr. Pellets were coated as quickly after preparation
as possible to minimize any surface contamination. The coat-
ing thicknesses produced were on the order of 1,000 A.

Water exposure tests were designed to study the adhesion
of the coating to the KBr substrate as well as its permeability
to moisture under fairly severe conditions. This was done by
allowing a specific quantily of water to fall from a buret
onto the surface of the sample from a set height; the force of
the water striking the coated surface could be varied by vary-
ing the height of the buret. Initial conditions were a buret
to sample distance of 5 cm and flow of 22 ml/min.

The time available for the experiments was not sufficient
to optimize the coating procedure. Figure 26 is an optical
micrograph of an as-prepared Ge3 Se 5 As coated KBr pellet; as
can be seen, there are numerous scratches on the surface. It
was not determined whether the scratches were present before
coating or resulted from improper handling techniques, but
their presence undoubtedly affects the samples water resistance.

- _ _ _ __ _ _
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Results of the water tests differed for the two coating
materials. The Ge3SesAs was very quickly removed by the fall-
ing water stream, The force of the water seemed to undermine
the coating, causing it to wrinkle and peel off. However, the
coating itself appeared to remain intact and was otherwise
unaffected by the water treatment (see Figure 27). It is

Shypothesized that defects in the coating allowed water to pene-
trate and dissolve the substrate, floating off the coating.
Experiments to prepare very high quality coatings by flash
evaportaing on vacuum-cleaved single crystals could not
be complete before the termination of the contract.

The results of water tests on GeSel 25 c2eated KBr pellets
produced different results. Water protection was not signifi-
cantly improved over the Ge3SesAs coating, but deterioration
resulted from penetration of water through the coating. The
coating seemed to adhere better to the substrate, but to be
more porous to water. See Figure 28.

Although neither coating imparted any degree of water
protection to the KBr substrate, the fact that the failure
mechanism appeared to be so different in the two cases gives
hope that further work might produce a truly protective coat-
ing. For example, a layered coating with GeSei.2s next to the
substrate and Ge3SesAs on top of it might provide the combina-
tion of adherence and resistance to water penetration required
for a good coating. The very preliminary experiments reported
here can only suggest that more work in the area would be
profitable.

X. Conclusion

It must be concluded that more work is needed to capitalize
fully on the advances made in the twelve months covered by this
report. As stated in the introduction, our principle objectives
were two-fold: (1) to evaluate the limitations of glasses as
high powered laser windows and (2) to attempt to produce a
strengthened, water resistant, alkali-halide based polycrystalline
compact through a novel intergranular coating approach. Rather
than concentrate on a single, narrow area, our intent was to
conduct a research survey of a wide variety of unorthodox ap-
proaches to problems attendant to the design of a high power
laser window. Significant progress toward meeting these ob-
jectives has been made. Work was done in all nine of the research
sub-categories listed in the Introduction; some questions have
been answered and problem areas for further research have been
identified.

In particular the following results were obtained:

Chalcogenide Glasses

(1) Homogenity limits for the chalcogenide glasses studied
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were determined. The thin film materials are
homogenous at least down to a scale of 100 A..
Phase separation was not found in the bulk glasses
studied here.

(2) The chalcogenide glasses in the Ge-Se-As and Ge-
Se-Sb systems reported here are extremely stable
"toward thermally induced structrual changes, at least
up to temperatures on the order of the glass transi-
tion.

(3) The most probable contributions to high infrared
absorption at 10.6pm are the presence of microvoids
or Ge-O bonds. The absorption seen with the samples
studied by us was not due to impurities present in
either the Se or As used in their fabrication.

(4) The infrared absorption at 10.6pm was significantly
lowered by internal gettering as the result of add-
ition of 0.15 to 0.36% Ti. Addition of Zr did not
result in lowered infrared absorption.

(5) The mechanical behavior of Ge-Se-As and Ge-Se-Sb
L glasses was investigated as a function of heat treat-

ment. Microhardness of both glasses was unaffected
by heat treatment while the modulus of rupture is
slightly decreased. Similarly, the bulk tensile
strength of the Ge-Se-As glass shows a small decrease
with extensive thermal treatment.

Coated Alkali Halides

A novel, intergranular coating technique was used in an
attempt to fabricate a water resistant window, but it met
with only limited success. Windows were fabricated, but
water resistance was unsatisfactory. The use of organic
"polymers for coatings shows promise, but real progress
requires detailed surface studies which are beyond the scope
of the research reported here. Limited tests with chalco-
genide coatings give some cause for optimism, that an
intergi nular chalcogenide coating technique for poly-
crysta..line alkali halides wifidows could be successful.

>.
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v...V App*&ndix A

12. Thermal History Efflects on the Structure and
IR Transmission of Laser Window Glasses

L.L. Hench, D.B. Dove and R.E. Loehman 7
University of Florida

Gciint-ville, Floridu 32601

S~Abstract •

Thermal effects in glasses are discussed, drawing on experience

with radial distribution analysis, electron microscopy and other

techniques obtained with several glass systems. The relevance of

these observations, to effects likely to occur during thermal expo-

sure of infrared laser windows is commented upon. A recent advance

in analysis of the!,nal-stress-atmosphere dependent changes in glass-

* es is reviewed and related to laser window applications.

I.. INTRODUCTION

Many properties of glasses are dependent not only upon composi-

tion but also upon material thermal history. Both local atoraic con-
figurations and material microstructure may be altered by exposure

to high temperatures, while structural alterations in turn give rise

to changes in physical properties. Because of energy absorption dur-
"ing t ansmission of the laser beam, the properties of a window mate-

rial may undergo both reversible and irreversible changes depending

on the temperature and time of exposure. Thermal effects may be

[ classified as revernible effects leading to undesirable change in
E ~ optical characteristics and as irreversible effects leading to win-

dow aging and ultimately failure. Two possible applications of

prior thermal treatments may be noted, firstly in the stabilization

of properties to minimize aging, and secondly, the possibility exists

that prior heat treatment,using the transmitted beam itself, may be
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employed to induce irreversible changes that cancel the reversible

changes, making a window that is good optically when operating at a

chosen transmitted beam power. Finally, environmental thermal ef-
S~fects such as ambient gas diffusion and surface degradation must beconsidered. The objectives of this paper are to discuss thermal ef-

fects in glasses generally, and to present some preliminary results

on thermal history effects in infrared transriitting glasses within

the Ge-Se-Se system.

2. THERMAL HISTORY EFFECTS ON GLASS ULTRASTRUCTURE

In this discussion the term ultrastructure designates the atom-
ic or ionic configurations which exist in a glass within a distance

of order 10 X about any reference ato'T or ion. Such localized struc-
tures are determined on a statistical basis by electron, x-ray or

neutron diffraction techniques. Several studies [Tatarinova (1959),

Hilton et al. (1966), Bienenstock et al. (1969), Dove et al. (1970),

Mikoltichuk and U-.chek (1971)] have applied diffraction techniques

to the analysis of the ultrastiucture of chalcogenide glasses. In
one of the more recent studies, from this laboratory [Molnar (1971),

Dove, Molnar and Chang (1971)], the intensity profiles across the

electron diffraction patterns of thin films of GeSc 0 .7 and GeSe 2 .4

glasses were determiined using direct electronic recording with
electrostatic rejection of inelastically scattered electrons. Radi-
al discribution analysis of the GeSe 0 . 7 (and also of GeSe) intensity

curves indicates that the local atomic order in these films differs

from the local order to be expected for the distorted rock salt

structure of crystalline GeSe. In addition, films of composition
GeSe 2.4 did not possess a local order corresponding to the crystal-

line, distorted CdI layer structure of GeSe 2 . The bonding character-

istics of these glasses is therefore expected to be considerably dif-

ferent from that of either of the two mentioned crystalline phases.

Thie films were found to be susceptible to both thermal treat-

ment and to exposure to the electron beam with considerable changos

occurring in the diffuse diffracted intensity prior to the evident

formation of microcrystalline regions of selenium. Radial distribu-

tion analysis of these intensity curves showed changes in nearest

neighbor coordination as in rig. 1. It can be noted that the area

A•
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under the peak increases and a new peak appears at 2.90 •. These

change can be interpreted as due to structural rearrangements asso-
ciated with the development of GeSe and other phases. It is signifi-

cant to note that the above changes occur prior to the observation

of crystallization by electron microscopy. Conversely it has also

been found that the absence of crystalline peah, s in a diffraction
pattern froer a glassy ,material dr-e, not rule out the presencc of a

small volume fraction of microcrystallites. Electron microscopy on
these glassy films showed a homogeneous microstructure at least down

to a scale of order 20 A. Diphasic structures, however, have been

observed in a certain chalcogenide conpositions [Takemori et al.
(1970)]. Recent x-ray analysis of local order in an oxide glass

SiO2 using pair function distribution techniques has followed ther-

mal effects out as far as the fifth coordination shell [Gokularath-
nan et al. (1971).

Thermally induced changes in the nearest neighbor atomic con-
figurations imply that the infrared absorption of these glasses may

be significantly affected by thermral exposure. Consequently, the
possibility exists of modifying regioins of t0e infrared transmission

spectrum by heat treatment. Changes in bonding may also give rise

to changes in the refractive index and its thermal coefficient
which, although smiall, nay yet be siganificant for the present appli-

cation. A major aim in material selection and treatment is to mini-

mize reversible thermal effects and, if possible, to avoid irrevers-
"ible effects altogether.

Schematically, irreversible changes in laser window; properties

with time at constant temperature are shown to arbitrary scale in

Fig. 2. Longer time exposures w.hich induce crystallization will be

discussed in the following section. If structural changes are
brought about in the window: by the beam generated temperature pro-

"file, then an irreversible g-adient in properties will be create'.

This e ect is illustrated in Fig. 3, where it is shown how rcv( s-
ible and irreversible effects may connine additively or alterr. iv'ely
in opposition to reduce thermal effects. A change in properties, of

is necessary to select a glass which due' ,or ,zat,•rgo trastjuc-

"tural changes at the temperatures anO ' O -e"- s reached during

operation. The effects of reversi'.,!: t ... t' tifects must also be



52

minimized by materials choice and treatment. A study of thermal

treatment of glasses is therefore necessary to provide information

on window life, aging characteristics, and may possibly lead to a

useful means of property modification.

3. THERMAL EFFECTS ON GLASS MICROSTRUCTURE

Thermal treatment of glasses can result in crystallization
which may affect optical properties and significantly influence

laser window behavior. Key properties such as yield strength, ther-

mal expansion coefficient, softening point and optical absorption

may change in a manner dependent on the volume fraction Vv of second

phase generated and therefore are both time and temperature depen-

dent. As noted in Fig. 3, irreversible changes may possibly be used

to control material properties advantageously; however, it is not

known to what (small) extent a glassy or other phase separation may

proceed before light scattering becomes significant.

Recent results from this laboratory have documented a number

of property changes in oxide glasses. Microstructural dependent

changes in softening point, thermal expansion coefficient, elastic

modulus and fracture strength of Li 20-SiO2 glasses are shown in
Figs. 4, 5, 6 and 7, respectively.

4. STRUCTUp-A, MODELS FOR CIIALCOGENIDE GLASSES

It is informative to consider atomic structural models for the

chalcogcnide glasses. Radial distribution analysis yields a value

for the distance between nearest neighboring atoms and provides a

measure of the nearest neighbor coordination number averaged over

all atoms. The results for the germanium chalcogenides are in most

cases consistent with each germanium atom having four neighbors and

each selenium atom having two, with effective atomic radii lying

close to the covalent radii values. One model for a binary glass,

for example, GexSelx, is that of a three-dimensional (primarily)

covalently bonded structure in which bonds between the two types of

atoms are distributed randomly. As pointed out by Fawcett, W'agner

and Cargill (1971), the numbers of Ge-Ge, Se-Se and Ge-Se bonds in
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such a case are respe-tively 4x N/(l+x), (I-x) 2 N/(l+x), 4x(I-x)N/

(l+x). It is readily verified that the total number of bonds of any

type is (l+x)N where N is the total number of atoms. With the as-

sumptioni thnt system energy is largely due to the sLrong bonding be-

tween nearest neighbor, the heat of mixing of the glass (relative

to the solid elemental constituents) may be estimated,

Ali_ x x(1-x) 46

N l+x

using the approximate expression relating bond energies given by

Pauling (1960).

1AB 7 (AA + "BB) + 6

wher. 6 = 23 cA-1B1 2; cA and cB are the Pauling electronegativitics

of elements A and B, and 1AA, HBB, 1AB are the bond energies for

bonds between atoms of type A-A, B-B and A-B. This is a simplistic

approach but does allow some interesting comparisons to be made.

The result for GexScl x is

All = 33 x(l-x . kcal/gmol
Nl+x go

A much higher value is obtained is an ordered structure is assumed,

that is, one in which Ge and Se atoms alternate as far as possible

throughout the glassy network. At the composition GeSe 2 this is

just the analogue of the vitreous silica structure, with every Ge

surrounded by four Se atoms and every Se surrounded by two Ge atoms.

The numbers of Ge-Ge, Se-Se and Ge-Se bonds are respectively 0, 4xN,

(]-3x)N for 0 < x < 1/3 and (3x-l)N, 2(1-x)N, 0 for 1/3 < x 4 1.

The heat of mixing then becomes

All 33x kcal/gmol 0 < x 4 1/3
N

and

All 17(1-x) kcai/g),aol 1/3 < x I 1
N
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Using the very approximate estimates outlined above, the ordered

arrangement is at least energetically preferred near the GeSe 2 com-

position (entropy contributions being neglected). In GeTe 2 a simi-

lar estimate suggests that the ordered structure is less strongly

preferred and,when configurational entropy is considered, the random

bonding model may be preferred even at moderate temperatures. Evi-

dently the elucidation of a valid structural model is of signifi-

cance for a discussion of infrared absorption, thermal stability and

other properties. Work in this laboratory has been directed toward

obtaining free energy curves for the germanium chalcogenides from

quasi-chemical considerations. Qualitatively the occurrence of the

eutectic in the Ge-Te phase diagram is associated with the absence

of a GeTe 2 phase in the equilibrium diagram. The free energy curve

ef the liquid phase then touches the tangent line between crystal-

line Te and GeTe at an intermediate composition when the tempera-

ture is raised. In the Ge-Se system, the eutectic is suppressed by

the existence of a GeSe 2 phase. In this case the liquid free energy

curve intersects the tangent line between Sc and GeSe 2 at the seleni-

um end instead of at an intermediate composition. It is hoped that

the present calculations may be applied to thle ternary case in order

to provide insight into the bonding characteristics and ordering

tendencies as composition and temperature are varied.

Figure 8 illustrates some of the changes in infrared transmis-

sion behavior that can occur in chalcogenide glasses as a result of

heat treatment and compositional variation. The upper curves show

a small increase in infrared transmission for 2.5 mm thick slices of

Ge2 Se 3As as a function of surface polishing. These curves remained

unchanged aft r heat treatments of up to 9-1/2 hours at 327 0 C. The

lower curves, however, show an increase in IR transmittance for

Ge 3 3Sc 5 5 As12 as a result of heat treatment. In neither composition

did the heat treatments mentioned bring about detectable crystalli-

zation. It should be noted that the region of high transmittance

beginning at 8 pm for Ge 2 Se 3 As is considerably broader than the

corresponding region in Ge3 3 Se 5 5 As 1 2. The two compositions basic-

ally are GeSe 4 with differing amounts of As substituted for Se; here

a small increase in As greatly broadens the transmission region.
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5. ENVIRONMENTAL AIND STUESS EFFECTS ON LASER WINDOWS

Stress enhanced surface corrosion is an effect which may also

be of importance to the stability of laser windows. Atmospheric
dependent strength deterioration of glasses and ceramics has been

known for many )'ears [Charles (1958)]. Recent results from this
laboratory [Sanders et al. (1971)) using _''-r-r .c. . fction spec-

troscopy and atomic emission spectroscopy hare sho-;n that a reacLion

occurs on the s,,rface of glass exposed to water vapor; this surface

reaction shifts the infrared absorption spectrum significantly. It
has also been found that applied stresses increase the rate of sur-
face reaction, while temperature excursions of only 25 to 75 0 C above
embient increased reaction rates by 3 to 4 orders of magnitude.

These observations suggest that conditions at the surface of
a window may give rise to stress-atmospheric corrosion attack, due
to stresses and temperatures induced by the beam.

6. SUDMARY

Thermal effects upon glass) -. ;:,tcials have been discussed with
reference to laser window design, and thie possibility of using heat

treatment to stabilize or to modif" pro,-erties is noted. Previous
measurements on chalcogenide glassc. have indicated the occurrence
of ultrastructural changes occurring prior to temperature indu:ced

phase separation. Present work is di.'ected to the thermal stzbility
of Ge-Se-Se glasses and some preliminary results have been intro-

duced.
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Figure 2. Irreversible Time D)ependent Changes
Accompanying Ultrastructural and Micro-
structural Alterations in a Laser Window
Material at Temperatui e Tx. Region (a) - region
of variation of fracture strength, softening or
melting point, thermal conductivity, index of
refraction and percent absorption. Region (b) -
relative change in ultrastructure. Region (c) -
Vv, the volume fraction of crystallites formed
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Figure 3. Amplitude of Property Gradients Due to Time Dependent Structural
Changes as a Function of Sample Thickness
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Figure 7. Young's Modulus of Li20-SiO2 Glasses as a
Function of Volume Fraction of Crystallites



-!-

61

50-

•25

(4d

ol I

Figure 8. Infrared Transmittance of Ge-Se-As Glasses. Curve b - Ge2SC3As as
cast. Curve a - Gc"Se 3 As after po]ishing. Curve d - Ge 3 3 So5 5 AS 1 2 as cast.
Curve c - Gc 3 3 Se 5 5 "si 1 2 after 9 hours heat treatment at 40o0C
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Appendix B

Minimization of Reflectance Losses
with Multilayer Coatings

The reflectance R of a semi-infinite substrate (potential
window material) coated with two dielectric layers (see Figure B-
1) is given by*

R =A (1)B

where A r 2+r2+r (r r r 2 +2rr 2 (l+r 2 )cos2ý+2r r (l+r )

cos2*+2r r 3 cos2(p+i)+2r r2r 3 cos2(ý-•p)
l+( 1r2 2 2 2 23

B =1+(rr 22+(rr 3 ) 2+(r 2 r 3 ) 2+2r-r 2 (l+r2)cos2•+2r 2 r 3 (l+r2)
1 2) 1 3) + 23) 12l323 1

cos2p+2rTr3 cos2(p+p)+2r r 2 r cos2(ý-ý)
and ~ ~ 3_ _ 1 2 3cs(-)

and
no-nI n 1 -n 2  n 2 -N
n2+n n n +N

2rnld11 2n2d2

and

n= refractive index of atmosphere (taken to be unity)

n1 = refractive index of outer film

n 2 =refractive index of inner fi~lm (film nearest
substrate)

N = refractive index of substrate

d1 = thickness of outer film

d2 = thickness of inner film

S= wavelength of incident radiation.

*J. T. Cox, G. Hass and R. F. Rowntree, Vacuum, 4, 446
(1954).
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If both films have an optical thickness of 1/4-wavelength,
i.e., if nld1 = X/4, then equation (1) reduces to1i 2

R 2.= (2)

In this case, R will become zero if :n2  11 YI'N.

By setting n1 equal to unity in equation (2), one obtains
the case of a substrate of refractive index N coated with a
single film of refractive index n2 and optical thickness X/4.
In this case, R becomes zero only in n 2 = AT. If, for example,
the substrate is KCl (N = 1.49), n 2 must be 1.22 in order to
have zero R. Since such a small refractive index is less than
the refractive index of any solid film one could apply, it
is evident that no single dielectric film deposited on an
alkali halide substrate will reduce the reflectance to zero.

It is possible to obtain zero reflectance in the case of
a double-layer coating even if n / n/.-N, if one film has an
optical thickness greater than X/4 an the other film has an
optical thickness less than X/4. A computer program has been
written which, given a particular set of refractive indices(nl,n 2 ,N), will determine the value(s) of (dl,d 2 ) which mini-
mize R using equation (1). A second program has been written
which determines the sensitivity of R to deviations of dl and
d 2 from those values which minimize R. This program also
tells how R varies with X, given a particular (nl,n 2 ,N) and(dl,d 2 )

- ti



NON

ni

Fig. B-1. Two-layer antireflection coating on a semi-
infinite substrate (symbols defined in text).
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